Abstract-
Such lasers are currently grown on GaSb substrates [1] [2] [3] [4] [5] [6] . Those substrates still have limited sizes and are expensive in comparison to GaAs and InP substrates. Therefore, there is a need to replace GaSb substrates by InP in the longwavelength applications. Technology of InP-based lasers is very well developed but the light emission from such lasers is limited to wavelengths < 2 μm [7] [8] [9] [10] [11] , mainly due to limits in the engineering of band gap, band gap alignment, and strains. A decade ago similar limits existed in GaAs-based technology but those limits have been significantly eliminated by the application of dilute nitrides [12] [13] [14] (III-V alloys with a few percent of nitrogen). The most important feature of dilute nitrides is the simultaneous reduction of the band gap and the lattice constant [12] . Due to this feature it was possible to extend the radiation of GaAs-based lasers to fiber telecommunication windows at 1.3 and 1.55 μm [12] [13] [14] . It is expected that dilute nitrides can be also used to extend the range of radiation of lasers grown on InP substrates.
Recently, in a few experimental papers [15] [16] [17] [18] [19] [20] [21] it was demonstrated that the incorporation of nitrogen into III-V host grown on InP substrate significantly reduces the band gap. Köchler et al. [16] reported that adding nitrogen to Ga 0. 41 In 0. 59 As grown on InP substrate shifts photoluminescence (PL) peak from 0.75 to 0.61 eV for 1.7% N at temperature of 10 K. A similar shift of PL was observed by these authors for Ga 0. 4 In 0.6 N y As 1−y QWs. Moreover, they reported a radiation at 2.24 μm for Ga 0. 22 In 0.78 As 0.99 N 0.01 -MQW ridge waveguide diode laser grown on InP substrate. Wang et al. [15] observed a red shift of PL from InNAs/GaInPAs/InP MQWs with the rate of −31 meV per 1% of N. For a sample with 5.9% N, PL peak was observed at 2.58 μm at temperature of 10K. Sun et al. [17] observed PL from InN 0.05 As 0.95 /Ga 0. 47 In 0. 53 As/InP MQWs at 2.48 μm at room temperature. A laser emission at 2.0 μm was reported by Kawamura et al for structures with the GaInNAsSb active region [18] . All the above experimental evidence suggests that the incorporation of nitrogen into the active region in InP-based lasers results in the emission at longer wavelengths. However, it is still unclear which dilute nitrides and QW structures are the most promising as the gain medium in InP-based lasers.
So far, a few authors have calculated material gain for dilute nitrides QWs grown on InP substrates [22] [23] [24] [25] [26] . Some dilute nitrides, including GaNAsSb and GaNPSb were not studied in this context. Therefore, it is very interesting to explore and compare these dilute nitrides as the possible candidates for 0018-9197 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. [30] , [31] gain media for InP-based lasers operating at long wavelengths. Such materials are GaInNAs, GaNAsSb and GaNPSb alloys. Recently, we have analyzed the potential of these alloys in GaAs-based lasers [27] . In this work we report results of theoretical calculations of electronic band structure and material gain for InP-based QWs, containing three different gain materials with different N-free barriers lattice matched to InP.
II. THEORY AND MATERIAL PARAMETERS
The band structure of III-V-N alloys with a few percent of nitrogen atoms can be described within the band anticrossing model (BAC) [28] - [29] . The model assumes that nitrogen atoms in III-V host create a resonant level which interacts with the conduction band (CB) of the host material. Due to this interaction, two non-parabolic bands appear instead of the CB of III-V host and the nitrogen-resonant level.
The bandgap and the electron effective mass for the three alloys (GaInNAs, GaNAsSb, and GaNPSb) are modeled within the approach previously applied by us to Ga 1−y In y N x As 1−x /GaAs, GaN x As 1−x−z Sb z /GaAs, and GaN x P 1−x−z Sb z /GaAs QWs [27] and is described in detail in Appendix A. The remaining material parameters (c 11 , c 12 , b ax , etc.) for the three alloys are calculated according to virtual crystal approximation (VCA). The interpolation formula for "type-I" quaternary alloys is given by Eq.(1)
For "type-II" quaternary alloys, the interpolation formula is given by Eq. (2)
The parameters of binary compounds [30] - [31] used in our calculations are listed in Table I . Figure 1 shows positions of CB and valence band (VB) for three alloys with different N concentrations, correspondingly (0, 1, 2, and 3%). According to BAC model, the VB position in Ga 1−x In x N y As 1−y , GaN y As 1−y−z Sb z , and GaN y P 1−y−z Sb z alloys is assumed to be the same as in N-free alloys. In order to determine the CB position in a given alloy, the band gap is calculated using formulas given in Appendix A and added to the VB position. It means that the band offset is determined according to the solid state theory for N-free alloys and nitrogen modifies only the bandgap alignment for the CB. The strain related modifications in bandgap alignment for CB and VB are calculated using Bir-Pikus theory and they are described in Appendix B.
The obvious candidates for barriers in Ga 1−y In y N x As 1−x , GaN y As 1−y−z Sb z , and GaN y P 1−y−z Sb z QWs grown on InP substrate are N free ternary alloys lattice matched to InP, (i.e., Ga 0.47 In 0.53 As, GaAs 0.51 Sb 0.49 , and GaP 0.36 Sb 0.65 ). They are marked by vertical lines in Fig. 1 . The range of compositions of Ga 1−x In x N y As 1−y , GaN y As 1−y−z Sb z , and GaN y P 1−y−z Sb z alloys suitable for long-wavelength lasers grown on InP is marked by appropriate bars in Fig. 1 . The range is selected arbitrary taking into account the built-in strain in the well material. We assumed that for 8nm wide QW grown on InP, the compressive strain should be ≤ 2 %. For N-free QW we tuned this strain to be 2% and for such a strain the content of N free QW is determined. For N-containing QWs the content of III-V host is kept constant, only the nitrogen is added to the well material. It leads to a small reduction of the compressive strain in the QW.
It is seen from Fig. 1 that the band gap alignment between the ternary barrier and the well material with nitrogen concentration ≥2% (i.e., the band gap alignment at the Ga 1−x In x>0.53 N y As 1−y /Ga 0. 47 In 0.53 As, Fig. 1 . In order to determine the VB position in these alloys, we applied the VCA. The CB position was calculated by adding the band gap to the VB position. The band gap of those quaternary alloys has been calculated according to formulas from Ref. [32] , [33] with bowing parameters taken after Ref. [30] . By analyzing the CB and VB positions of quaternary barriers in Fig. 1 , one concludes that replacing the lattice matched ternary barriers by proper quaternary barriers should lead to an improvement of the quantum confinement in Ga 1−x In x>0.53 N y As 1−y -, GaN y As 1−y−z Sb z>0. 49 -, and GaN y P 1−y−z Sb z>0.65 -QWs. Because of this, N-containing QWs with quaternary barriers are also considered in this work.
The main advantage of BAC model is the fact that analytical formulas obtained within BAC model can be easily incorporated into the kp formalism by extending the 8-band to 10-band kp model [34] [35] [36] . On the other hand, it has been also shown that in the region of low carrier concentrations, the 8-band kp approach gives very similar material gain spectra as those calculated within the 10-band kp approach [36] . Since the BAC parameters are known with poor accuracy for quaternary dilute nitrides (including GaNAsSb and GaNPSb), we applied in this work the 8-band kp model to determine electronic band structure and material gain for the three QW systems (Ga 1−x In x N y As 1−y /InP, GaN y As 1−y−z Sb z /InP, and GaN y P 1−y−z Sb z /InP QW). The 8-band kp Hamiltonian used to determine the electronic band structure is given in Appendix B.
A conventional method based on the relaxation time approximation convoluted with a Lorentzian function with proper broadening time (0.1ps) was used [34] [35] [36] to calculate material gain spectra of Ga 1−x In x N y As 1−y -, GaN y As 1−y−z Sb z -, and GaN y P 1−y−z Sb z -QW. According to this approximation, the transverse electric (TE) and transverse magnetic (TM) gain is given by
where C 0 = q 2 / ωm 2 0 τ cε 0 , q -elementary charge; m 0 -electron mass; ω -angular frequency, τ -time constant; c -speed of light; ε 0 -dielectric constant, i labels the heavy and light hole subbands, β is the propagation constant of the TE or TM mode, M
T E(T M) ci
is the matrix element of TE (TM) mode, and I n c n v i (k) is the overlap integral [34] [35] [36] . f n c and f n v are the Fermi-Dirac distributions for n-th electron and hole subbands in the QW, respectively. These distributions are given below
where k B is the Boltzmann's constant and T is temperature. Carrier densities in conduction (N) and valence (P) band are obtained as
Material gain is calculated for a given carrier density, which determines the quasi-Fermi levels E F c and E F v for the CB and VB, respectively. The carrier density in a given band of the QW is defined by integration of the product of density of states, ρ (k), and occupation probability of carriers (i.e. the Fermi-Dirac distribution) over the entire band. For non-parabolic bands the integration is carried out in k space with the density of states determined from kp calculations. k max is the integration limit determined by the convergence of integrals in Eqs. (6) and (7).
III. NUMERICAL RESULTS AND DISCUSSION
As shown in ) as well as quaternary barriers which are very well known (i.e., AlGaInAs and GaInPAs) and less known (i.e., AlGaAsSb, GaPAsSb, and AlGaPsSb) for InP-based lasers. Moreover, the three alloys are very different from the technological point of view since they contain very different components, namely phosphorus, which is difficult for molecular beam epitaxy (MBE) or antimony, which is easier in MBE than in metaloorganic vapor phase epitaxy. Therefore, the three QW systems have different technological advantages and disadvantages. Moreover, each of the three alloys can differ regarding its homogeneity, optical quality, etc. Therefore, the three QW systems are analyzed and discussed in separate subsections and their comparison is done at the end of this section.
A. GaInNAs-Quantum Wells
In Figure 2 Incorporation of 2% N into this QW significantly improves the quantum confinement in the CB due to the BAC interaction and also slightly changes quantum confinement in the VB due to a reduction of strains in the QW layer. It is worth noting that observed changes in band structure of Ga 0.17 In 0.83 As/Ga 0.47 In 0.53 As QWs upon the incorporation of N atoms are analogous to those which are observed for Ga 1−x In x N y As 1−y /GaAs QW system [27] , [36] .
Material gain (TE mode) for Ga 0.17 In 0.83 N y As 1−y / Ga 0.47 I 0.53 As/InP QWs for various nitrogen concentrations is shown in Fig.3 (a) . The TM mode is neglected in our analysis since light holes are not confined for these QWs. The spectral position of TE mode shifts from 2.10 μm to 2.75μm with an increase in N concentration from 0 to 3%, while the intensity of TE mode does not change significantly in this range of N concentrations. It means that this alloy is very promising for InP-based lasers operating at long-wavelengths since it is possible to achieve lasing at 2.75 μm. These results are consistent with PL studies which were performed for similar QWs by Köchler et al. [16] . A very important advantage of this material solution is such that QWs can be grown in the same MBE machine as GaAs-based lasers containing Ga 1−x In x N y As 1−y /GaAs QWs. However, it is also interesting to consider Ga 1−x In x N y As 1−y -QWs with other components in barriers, i.e., aluminum and phosphorus.
Al 0.23 Ga 0.24 In 0. 53 As is a typical barrier in InP-based heterostructures [37] and can be grown in MBE machines without the source of phosphorus. Quantum confinement potentials for 8 nm wide Ga 0. 17 Fig. 3 (b) . It is observed that spectral position and the intensity of TE mode of material gain for QWs with the same QW material but different barriers are significantly different. The gain peak (TE mode) exists at shorter wavelength (the blueshift is about 100nm) and its intensity is ∼40% stronger. These differences result from changes in the quantum confinement potential, which in this case is very important for electrons.
The other barrier typical for InP-based lasers is GaInPAs lattice matched to InP [37] . Such barriers can be grown with very different concentrations of In and P, but in our case the most reasonable is 83% In, since the same In concentration will be in the well and in the barrier material.
In Figure 2 (c) we also show the quantum confinement potential for 8 nm wide N-free and N-containing QW with Ga 0.17 In 0.83 P 0.63 As 0.37 barriers together with energy levels for electrons and holes. The electronic structure is very similar to the electronic structure of Ga 0. 17 Fig. 3 (c) . In this case, the spectral position of gain peak and its intensity are similar to the previous situation with the Al 0.23 Ga 0.24 In 0. 53 As barrier where the quantum confinement potential for Ga 0.17 In 0.83 N 0.02 As 0.98 -QW is similar, see Fig. 2 (b) and (c) .
Summarizing above discussion, it has been shown that QW barriers affect material gain spectra of Ga 0.17 In 0.83 N 0.02 As 0.98 -QWs, i.e., their spectral position and intensity. In addition, the proper selection of barriers can be important from the point of view of T 0 parameter. The possibility of using various barriers in Ga 1−y In y N x As 1−x -QWs grown on InP is a very important advantage of this QW system.
B. GaNAsSb-Quantum Wells
In Figure 4 QWs, respectively, together with energy levels for electrons and holes. According to Fig. 1 (a) , the band gap alignment for electrons is type II in N-free QW and therefore such a QW system is not considered as a perspective gain medium for InP-based lasers. However, the incorporation of nitrogen into this QW leads to a quantum confinement in the conduction band and therefore a positive material gain is expected for N-containing QWs. The material gain for GaN y As 0.24−y Sb 0.76 /GaAs 0.24 Sb 0.76 /InP QW with various N concentrations is shown in Fig. 5 (a) . The intensity of TE mode of material gain is smaller than in the previous QWs and the spectral position of gain peak shifts towards longer wavelengths. For GaNAsSb QW with 3% N the gain peak (TE mode) is at 3.2 μm. The intensity of TM mode of material gain is negligibly small.
The analysis of the effect of various barriers (other than the ternary one) is very important for this QW system, since the quantum confinement for electrons in those systems is very weak and has main influence on T 0 parameter. For this system the incorporation of Al (or P) atoms into the ternary GaAsSb alloy is an obvious approach to increase the potential barriers for electrons and holes. When analyzing the CB and VB positions in GaPAsSb alloy lattice matched to InP (see Fig. 1(b) ), it is observed that the barrier with the highest potential for electrons and holes will be the one with 60% Sb. In the case of lattice matched AlGaAsSb barrier, we selected the one with 23% Al since the same Al concentration is considered for AlGaInAs barriers.
In Figure 4 (b) and (c) we show quantum confinement potential for 8 nm wide GaN y As 0.24−y Sb 0.76 -QW with Al 0.23 Ga 0.77 As 0.52 Sb 0.48 and GaP 0.25 As 0.15 Sb 0.60 barriers, respectively, together with energy levels for electrons and holes. One observes that the incorporation of Al or P into GaAsSb barriers significantly improves quantum confinement for electrons. It also improves the intensity of the material gain. The material gain of TE and TM modes for GaN y As 0.24−y Sb 0.76 QW with the two type of barriers and various nitrogen concentrations is shown in Fig. 5 (b) and (c) . When comparing spectral position of TE mode of the material gain for GaN y As 0.24−y Sb 0.76 QWs with the same nitrogen concentration and different barriers, it is seen that barriers significantly influence the spectral position and the intensity of material gain spectrum. As in Ga 1−x In x N y As 1−y -QWs the observed variations in material gain are related to changes in quantum confinement potential. 
C. GaNPSb-Quantum Wells
In Figure 6 The most important difference between GaN y As 0.24−y Sb 0.76 -and GaN y P 0.15−y Sb 0.83 -QWs with ternary barriers is that for the latter, the gain peak (TE mode) exists at significantly longer wavelengths. For GaN 0.03 P 0.14 Sb 0.83 / GaP 0.35 Sb 0.65 /InP QW the TE mode of gain peak is observed even at 3.6 μm. Unfortunately, the quantum confinement for electrons in this QW is weak and therefore such a gain medium is not promising from the viewpoint of T 0 parameter. The quantum confinement potential can be improved by a proper selection of QW barriers. The increase of QW barriers degrades the spectral position of gain peak (i.e., an enhancement of quantum confinement in the conduction band leads to a blue shift of the gain peak). However, for GaP 0.25 As 0.15 Sb 0.60 barrier the gain peak is still observed at significantly long wavelengths. For GaN 0.03 P 0.14 Sb 0.83 /GaP 0.25 As 0.15 Sb 0.60 /InP QW it is ∼3.0 μm.
D. Comparison and Discussion
Direct comparison of the three QW systems with 2% of nitrogen and different barriers is shown in Fig. 8 . One can notice that the strongest spectral dependence of the gain peak (TE mode) is observed for ternary barriers. An improvement of quantum confinement for electrons by the application of quaternary barriers (AlGaInAs, GaInPAs, AlGaInSb, or GPAsSb) instead of ternary barriers, always leads to a blueshift of the gain peak. In all the cases the highest intensity of material gain is observed for GaInNAs-QWs. This suggests that this QW system can be the most promising (and cost effective) gain medium for long wavelength lasers grown on InP substrates.
It is also worth noting that the identification of the reduction in optical gain from the incorporation of nitrogen into the active regions had previously been shown experimentally for GaInNAs QW [38] [39] [40] [41] . Such an effect is observed for GaInNAs, GaNAsSb, and GaNPSb QWs studied theoretically in this paper. In general the magnitude of this effect can be even stronger than the one which is predicted theoretically since the N-related increase in alloy inhomogeneity is neglected in our calculations. Larger alloy inhomogeneities are obvious when an additional component is incorporated. This issue is especially important for nitrogen in dilute nitrides since the N-related change in the electronic band structure of N-containing alloys is very strong, see Fig. 1 . The influence of Sb atoms on alloy inhomogeneities should be also important since differences between ionic radius of Sb and P (or As) atoms is quite significant. For example the broadening of bandgap transitions in good quality GaN 0.02 As 0.98 , Ga 0.95 In 0.05 N 0.02 As 0.98 , and GaN 0.02 As 0.90 Sb 0.08 (i.e., alloys with the same nitrogen concentration) was the largest for GaN 0.02 As 0.90 Sb 0.08 [42] that suggests a large inhomogeneous broadening in GaNAsSb and GaNPSb systems considered in this work. Moreover it is important to underline that the optical quality of dilute nitrides strongly depends on the nitrogen concentration. For GaInNAs alloys and QWs, it is always observed that their optical quality deteriorates with the increase in nitrogen concentration [43] . The same behavior of the optical quality is expected for GaNAsSb and GaNPSb alloys and QWs, theoretically studied in this paper.
In order to improve the optical quality of dilute nitrides, a post-growth annealing is usually performed [44] [45] [46] [47] . Unfortunately, the annealing procedure also leads to a blueshift of QW emission. It means that the spectral position of the gain peak for annealed QWs will be shifted to blue. This shift for GaInNAs/GaAs QWs is usually below 80 meV and therefore similar blueshift can be assumed at the first approximation for QWs that are studied in this paper.
Finally, it is worth noting that the epitaxy of GaNAsSb and GaNPSb alloys are relatively immature technologies. Regarding GaNAsSb alloys and QWs, a few reports on the growth of good quality material with Sb concentration <32% can be found [48] [49] [50] [51] [52] which indicates that the growth of good quality GaNAsSb alloys with large Sb concentration can be also possible. Unfortunately, no reports are available at this moment on the growth of GaNPSb alloys. In addition, it is worth noting that even GaPSb alloy is the material which was investigated by a few groups only [53] [54] [55] [56] [57] which suggests that this alloy can be very challenging for the growth. On the other hand, not much motivation for the growth of GaPSb alloy was presented so far and therefore this alloy was not explored with such intensity as other III-V alloys.
We expect that the growth of QWs studied in this paper (especially GaN y As 0.24−y Sb 0.76 -and GaN y P 0.15−y Sb 0.83 -QWs) to be very challenging. The phase separation in Ga(N)AsSb and Ga(N)PSb alloys could represent tremendous hurdle to overcome in the near future. However, we believe that theoretical studies presented in this paper will motivate future experimental studies of these alloys especially since they offer very wide range of band offset tuning. This can be very interesting in type-II QWs but those issues have not been considered in this paper. However, such QWs (i.e., dilute-nitride based type-II QWs) were presented as another promising approach to extend the emission wavelength with large material gain [22] , [23] , [58] , [59] . and GaP 0.35 Sb 0.65 , respectively) the gain peak is observed at 3.2 and 3.6 μm that is a very long wavelength even for GaSb-based lasers. Unfortunately, the quantum confinement for electrons in GaN y As 0.26−y Sb 0.74 -and GaN y As 0.26−y Sb 0.74 -QWs with ternary barriers is not strong and hence lasers with such QWs can be very sensitive to the operating temperature. An improvement of quantum confinement for electrons can be obtained by the application of quaternary barriers (AlGaInAs, GaInPAs, AlGaInSb, or GPAsSb) instead of ternary barriers, but it always leads to blueshift of the gain peak. However, even for quaternary barriers the gain peak is observed in the range of 2.4-2.8μm for QWs with 2-3% N. In all cases the strongest intensity of material gain is observed for GaInNAs-QWs. Our findings suggest that this QW system can be the cost effective gain medium for long wavelength lasers grown on InP substrates. APPENDIX A According to BAC model the bandgap energy of III-V-N alloy corresponds to the lower eigenvalue of the Hamiltonian, E − , given by Eq.(A1).
where C M N describes the interaction strength between the nitrogen level, E N , and the CB of the unperturbed N-free semiconductor, E M (k).
To determine a bandgap of quaternary dilute nitrides, instead of the application the BAC model directly to quaternary alloys, the BAC model is applied to calculate the bandgap for ternary dilute nitrides. Next, the bandgap of quaternary dilute nitrides is determined by using the well-known quadratic form which is typical for ternary alloys (in this case N-free alloys) with some modifications [60] .
This procedure leads to the following expression for the bandgap energy of Ga 1−y In y N x As 1−x alloys, (A2) is shown at the bottom of this page.
In this expression the E Ga As g and E I n As g corresponds to the bandgaps of GaAs and InAs at the Γ point, respectively. The bowing parameter, b Ga I n As , describes deviation from a linear interpolation. This parameter is assumed to be the same as for N-free ternary alloy, i.e., Ga 1−y In y As alloy.
For quaternary dilute nitrides (GaN y As 1−y−z Sb z and GaN y P 1−y−z Sb z ), the expressions for the energy gap are as follows [61] , (A3) and (A4) are shown at the bottom of this page.
In these expressions the E GaSb g and E Ga P g correspond to energy gaps of GaSb and GaP at the Γ point, respectively.
The electron effective mass in dilute nitrides (m B AC e ) is given by the following equation
where m e is the electron effective mass in the host matrix. For quaternary dilute nitrides the electron effective mass is calculated using the analogous approach to the one used to calculate the bandgap. The electron effective mass in Ga x In 1−x N y As 1−y is calculated using the following formulas [31] , [62] where m Ga As 
where m GaSb e and m Ga P e are the electron effective masses in GaSb and GaP, respectively. Table II shows the BAC parameters [31] , [62] used in this work.
We want to emphasize that the use of BAC model has been carefully analyzed for Ga(In)NAs alloys on GaAs and GaNP
on GaP. Therefore BAC model and relevant parameters still require a lot of validation in the regime of high In-content (>75%) used in this analysis, and the mixed Sb-N alloys (GaNAsSb and GaNPSb). However in our approach the bandgap and the electron effective mass for quaternary alloys (GaInNAs, GaNAsSb and GaNPSb) is determined using BAC parameters for ternary dilute nitrides, see Eqs.(A2-A8). These parameters are known with a good accuracy for GaNAs and GaNP alloys since they were investigated very intensively for these alloys. For GaNSb and InNAs alloys the BAC parameters are less accurately known and therefore the accuracy of the bandgap and the electron effective masses of quaternary GaInNAs, GaNAsSb and GaNPSb alloys are determined by the accuracy of these parameters.
APPENDIX B
The 8-band kp Hamiltonian for unstrained GaInNAs, GaNAsSb, and GaNPSb is given at the top of this page.
The matrix elements in this Hamiltonian are the following: 
where the subscripts CB, HH, LH, and SO stand for the conduction, heavy-hole, light-hole, and spin-off bands, respectively. The energy scale is assumed such that at the point
, and E C B (k = 0) = E g , where S O and E g are, respectively, the spin-orbit splitting and the energy gap for GaInNAs, GaNAsSb, GaNPSb. m 0 is the electron mass, is the Planck constant divided by 2π, and k 2 = k 2 x + k 2 y . P is the Kane matrix element defined as P = −i /m 0 s | p v |v , where indicates a CB Bloch state of s-like symmetry and |v is a VB p state with character |v = |x , |y , or |z . Since the CB is treated exactly in this Hamiltonian, the Luttinger parameters are modified, i.e. the parameters γ 1,2,3 in the matrix elements are replaced by γ 1 → γ 1 − E P / 3E g and γ 2,3 → γ 2,3 − E P / 6E g , where E P = 2m 0 P/ 2 is the Kane matrix element expressed in energy units. The strain-related shifts for CB and VB are calculated using Bir-Pikus Hamiltonian [63] . These strains modify quantum confinement for electrons and holes as shown in Ref. [36] . In the QW region the matrix elements of the Hamiltonian are therefore modified as follows
where the subscripts CB, HH, LH, and SO mean the conduction, heavy-hole, light-hole, and spin-off bands, respectively, Q describes the interaction between the LH and SO bands in the kp Hamiltonian, and δ E describe the influence of the hydrostatic and shear strain components on the band structure. The a C and a V are the hydrostatic deformation potentials for CB and VB, respectively; c 11 and c 12 are elastic constants, b ax is the axial deformation potential and ε x x is the strain in the QW material. This strain is defined by the lattice constants of QW material (a QW material ) and InP substrate (a I n P ) as ε x x = (a QW material − a I n P )/a I n P .
